The alteration of proteins by post-translational modifications, including phosphorylation, sulphation, processing by proteolysis, lipid attachment and glycosylation, gives rise to a broad range of molecules that can have an identical underlying protein core. An understanding of glycosylation of proteins is important in clarifying the nature of the numerous variants observed and in determining the biological roles of these modifications. Deglycosylation with TFMS (trifluoromethanesulphonic acid) [Edge, Faltynek, Hof, Reichert, and Weber, (1981) Anal. Biochem. 118, 131-137] has been used extensively to remove carbohydrate from glycoproteins, while leaving the protein backbone intact. Glycosylated proteins from animals, plants, fungi and bacteria have been deglycosylated with TFMS, and the most extensively studied types of carbohydrate chains in mammals, the N-linked, O-linked and glycosaminoglycan chains, are all removed by this procedure. The method is based on the finding that linkages between sugars are sensitive to cleavage by TFMS, whereas the peptide bond is stable and is not broken, even with prolonged deglycosylation. The relative susceptibility of individual sugars in glycosidic linkage varies with the substituents at C-2 and the occurrence of amido and acetyl groups, but even the most stable sugars are removed under conditions that are sufficiently mild to prevent scission of peptide bonds. The post-translational modifications of proteins have been shown to be required for diverse biological functions, and selective procedures to remove these modifications play an important role in the elucidation of protein structure and function.
INTRODUCTION
The elucidation of the multiple products of single genes remains one of the most formidable problems faced in defining the proteome of a tissue. Understanding the contribution of glycans to the diverse structures of glycoproteins is a key aspect of the definition of post-translational modifications, and a way of selectively removing glycans from glycoproteins can be extremely useful in determining the structure of the glycoprotein and its relationship to a known gene. There are now numerous examples in the literature of the removal of carbohydrate groups by TFMS (trifluoromethanesulphonic acid) to produce the intact polypeptide, as shown by molecular mass determination, amino acid sequencing and immunoreactivity with antibodies that are specific for the protein core. Deglycosylation has been used as a method for the identification of glycosylation sites in elucidation of the structure of glycosylated proteins. The procedure has been employed as a probe for the determination of the types of sugar chains added during biosynthesis of a glycoprotein. The TFMS procedure has the advantage over enzymic removal of sugars that all carbohydrate groups tested to date can be removed in a single step, and the procedure can therefore be used in the absence of information about the glycans and their attachment to the protein. This has permitted the use of the TFMS deglycosylation procedure to identify recognition sites for antibodies and bacterial adhesion proteins, and to determine the importance of sugars for biological functions of enzymes, hormones and lectins.
Abbreviations used: a.m.u., atomic mass units; CEA, carcinoembryonic antigen; endo F and endo H, endo-β-N-acetylglucosaminidase F and H respectively; MALDI-TOF, matrix-assisted laser-desorption ionization-time-of-flight; TFMS, trifluoromethanesulphonic acid.
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PROCEDURE FOR DEGLYCOSYLATION
Chemical and enzymic procedures can be used in conjunction in deglycosylating glycoproteins, but for many purposes the chemical procedure, which is simple and requires no expensive reagents, is preferable. TFMS-mediated deglycosylation [1] has the advantage that it removes carbohydrate chains from glycoproteins regardless of linkage and composition, and this has been shown in numerous studies using the method. The deglycosylation procedure removes all sugars from proteins that contain covalently bound sugar chains. The method has been used successfully with O-linked oligosaccharides attached to a serine or threonine residue of a glycoprotein [1] [2] [3] , Nlinked glycans with N-acetylglucosamine-asparagine linkage [1, [4] [5] [6] [7] , glycosaminoglycans attached to the core protein of proteoglycans [1, [8] [9] [10] and collagen saccharides comprising glucose and galactose attached via a hydroxyproline linkage [11] [12] [13] . Saccharides have also been removed from glycoconjugates of trematode parasites [14] , insect glycoproteins [15, 16] , sponge proteoglycans [17] , galactose-serine linkage and arabinosehydroxyproline linkage in plants [18] [19] [20] [21] , mannose linkage to serine in yeast [22] , glucose-tyrosine linkage in bacteria [23] and various types of glycoconjugates in archaebacteria [24, 25] .
Therefore the method can be applied to glycoproteins of unknown structure and used in conjunction with enzymes or physical methods to characterize the glycosylation and the underlying protein. Amide bonds are stable to TFMS, and the difference in stability of the glycosidic bond as compared with the peptide bond is the basis of the procedure, as proteins have repeatedly been demonstrated to be stable to the reagent under the conditions used to remove sugars. The exception is the innermost asparaginelinked N-acetylglucosamine of N-linked chains, which is attached to the protein by an amide bond and is stable to TFMS. The reaction is carried out under anhydrous conditions in TFMS without a solvent in the presence of a scavenger that protects the amino acids, and proceeds by solvolytic cleavage of glycosidic bonds, leaving the protein intact. The solvolysis should be performed in the absence of water to prevent the introduction of hydrolytic conditions which could result in cleavage of peptide bonds. TFMS is used as a reagent for cleavage of the peptide from the resin and removal of protecting groups in the solidphase synthesis of peptides [26, 27] . The peptide bond is stable and the side chains of amino acids that could undergo reactions with intermediates of the deblocking steps are protected by the use of scavengers in the reaction. Thus in the presence of anisole any reactions involving tyrosine, tryptophan, cysteine, methionine, serine and threonine are limited to a low level. The same methods are used for deprotection with HF (hydrogen fluoride), although TFMS is a more powerful deblocking agent and is less toxic [28, 29] .
Apart from N-acetylglucosamine attached to an asparagine residue, conditions can be found to remove most sugars from glycoproteins. The innermost N-acetylglucosamine of N-linked sugar chains was seen to be stable to solvolysis when glycoproteins such as fetuin were treated with the reagent at both 25
• C and 0 • C for prolonged periods of time [1] . Unlike this sugar, which has an amide linkage to an asparagine residue, all sugars in glycosidic linkage were sensitive to the reagent and could be completely removed. The susceptibility of glycosidic bonds to TFMS varies with the nature of the sugar and its substituents. The innermost sugar of O-linked saccharide chains, N-acetylgalactosamine linked to a serine or threonine residue, is one of the most resistant linkages found in mammalian glycoproteins, and this has also been observed with HF [30] . Whereas all galactose and mannose chains are removed from fetuin at 0
• C or 25
• C (removal of these sugars is complete in less than 1 h at 0
• C), N-acetylgalactosamine is fairly stable at 0 • C in TFMS and its rate of loss is low at 25
• C (75 % at 3 h). Therefore, deglycosylation under conditions that do not remove the serine/threonine-linked N-acetylgalactosamine completely will yield an extensively deglycosylated mucin if most of the sugars are external to the N-acetylgalactosamine, as found in MUC1 [31] [32] [33] , whereas in a mucin with short sugar chains, such as submaxillary mucin with predominantly disaccharides [34] , the percentage of sugars removed will be lower (50 %, if all N-acetylgalactosamine-serine/threonine remains). Very heavily glycosylated proteins, including proteoglycans [9, 10, [35] [36] [37] and plant glycoproteins [17] [18] [19] 21] , have been completely deglycosylated by TFMS. The complete deglycosylation of glycoproteins that contain as much as 80 % carbohydrate indicates that any difficulty encountered with mucins is based on structural features, not the extent of glycosylation. The use of conditions that retain N-acetylgalactosamine attached to serine and threonine residues has allowed the determination of linkage sites in mucins. Removal of all sugars, apart from the internal N-acetylgalactosamine, has been used to identify the serine and threonine residues to which sugars are attached.
The scavenger most frequently used for TFMS treatment has been anisole, although other reagents have also been included. In the presence of anisole as a scavenger the amino acid side chains are recovered intact. By providing a sink for reactive electrophiles the scavenger protects the side groups, whereas in the absence of scavenger, when peptides are deprotected with HF or TFMS, reactions involving serine, threonine, aspartate, cysteine, methionine and the aromatic amino acids have been described [27, 28] . Other investigators have suggested that results are improved with the use of phenol or toluene instead of anisole [38, 39] . An effect on the rate of deglycosylation is apparent with increased anisole concentrations [31, 39, 40] , and the highest rates are possible in the absence of scavenger. The 1:2 ratio of anisole to TFMS has been reduced without compromising stability of side chains, and a concentration of 10 % anisole or phenol is adequate. In combination with reduction of the size of the sample, the volume of the reaction can be scaled down to less than 100 µl. The temperature is kept at 0
• C unless O-linked N-acetylgalactosamine must be completely removed, in which case the reaction is carried out at a higher temperature.
COMPARISON WITH ENZYMIC DEGLYCOSYLATION
As compared with enzymic removal of carbohydrate chains from glycoproteins, the TFMS deglycosylation procedure has the advantage that all glycans can be removed from a glycoprotein regardless of structure, and this provides ready access to the protein core. In studies of well-characterized glycoproteins, chemical deglycosylation can be the preferred method if carbohydrate chain removal is difficult to achieve with the use of enzymes. This can be encountered if the specificity of an enzyme does not allow cleavage of a certain saccharide due to a bad fit of the sugars into an active site or if an appropriate enzyme for a particular type of linkage is not available. Enzymes available for N-linked oligosaccharides of mammalian glycoproteins include N-glycanase [peptide-N-(N-acetyl-β-glucosaminyl)asparagine amidase] and endo F and endo H (endo-β-Nacetylglucosaminidases F and H). If the types of glycosylation of a glycoprotein are unknown, their susceptibility to these enzymes is uncertain and resistant asparagine-linked saccharides are sometimes encountered, particularly in plants [39] . The enzymes for removal of N-linked chains usually cleave the commonly found types of N-linked oligosaccharides in mammals, but may require detergent or a denaturing agent for access of the enzyme to the bond to be cleaved to completely deglycosylate a protein [41, 42] . This can be a disadvantage if the biological activity of the protein is to be tested after deglycosylation.
Enzymes available for O-linked chains are extremely limited. The commercially available enzyme O-glycanase has a specificity restricted to the disaccharide sequence Gal-GalNAc only [42] , and, therefore, resistance to O-glycanase should not be taken as evidence for the lack of O-linked saccharide chains. Thus O-glycanase has not been used successfully to remove oligosaccharide chains from most mucins due to the complexity of the structure of the O-linked oligosaccharides. Except for the internal N-acetylgalactosamine, whose glycosidic linkage is more resistant to TFMS than other bonds between sugars in glycoproteins, removal of all other sugars of O-linked glycan is efficiently achieved with TFMS in both mucins and glycoproteins with O-linked oligosaccharides [1] and therefore the extent of deglycosylation is nearly complete [34, 40, 43, 44] . However, for some studies removal of this sugar is not required and for the investigation of the glycosylation of individual amino acids, deglycosylation is performed for short periods at 0
• C, because retention of a single N-acetylgalactosamine is desired [31, 45] .
Although the protein core is not obtained, removal of glycosaminoglycan chains from proteoglycans has been performed with heparanases, chondoitinases, hyaluronidase and keratanases [46] . These enzymes have been useful for the characterization of the repeating disaccharide units that are released by digestion, but information about the types of chains that are present must be available before the correct enzyme is chosen for removal of carbohydrates from the molecule. Carbohydrate removal by the glycosaminoglycan-degrading enzymes is always incomplete because the core saccharide GlcA-Gal-Gal-Xyl, which serves as an attachment site for the glycosaminoglycan chains, is not removed by these enzymes. In addition, proteoglycans with a homogeneous glycosaminoglycan chain are an exception, as most proteoglycan core proteins have several types of carbohydrate chain attached which can only be removed with multiple enzymes [10, 36, 37] . The chemical deglycosylation procedure removes all types of glycosaminoglycan chains [1] , and this includes the linkage tetrasaccharide that is left by the glycosaminoglycandegrading enzymes [37] . The glycosylation of collagens and proteins with collagen-like domains at hydroxyproline is not susceptible to cleavage by a known specific endoglycosidase. The carbohydrate attached to collagen at hydroxylysine can be removed with TFMS [11, 12] . No reports of TFMS treatment of glycoproteins with O-fucosyl linkage of sugar chains to serine or threonine residues [47] have been published to date.
Again, in studies of proteins of unknown structure the ability to remove all modifications that alter the electrophoretic behaviour or mass spectral fragmentation of a protein is desirable. Thus the chemical procedure has a number of advantages over enzymic deglycosylation.
DETERMINATION OF MOLECULAR MASS
Removal of the carbohydrate groups from a glycoprotein permits the molecular mass of the protein portion to be determined, and deglycosylation with TFMS has been widely applied for this purpose. This can be useful both for the elucidation of the posttranslational modifications and for the correlation of the molecular mass to the predicted size from the cDNA sequence. Numerous examples of discrepancies between the predicted molecular mass from the cDNA and the observed molecular mass of the protein, taking into account the removal of the leader peptide, have been resolved based on the conversion to the predicted molecular mass after TFMS treatment [9, 17, 19, [48] [49] [50] [51] . The size difference can be even larger than expected and the effect of chemical deglycosylation more striking than expected due to the heterogeneity of carbohydrate chains and the anomalous behaviour of glycoproteins on SDS gels. Thus proteins with multiple forms will be reduced to a single protein if there are no proteolytically processed forms of the protein.
In several instances in which MS has been used for the determination of molecular mass after deglycosylation, the masses that have been found have corresponded exactly with the mass expected from the amino acid sequence. A fungal glycoprotein, hydrophobin SC3, was deglycosylated with TFMS to yield a protein with a mass based on MALDI-TOF (matrix-assisted laser-desorption ionization-time-of-flight) MS of 10 854 Da, as compared with 14 400 Da for the fully glycosylated protein and 10 856 Da for the theoretical average mass [52] . Mycobacterium tuberculosis antigen was reduced to a molecular mass of 28 782 Da after deglycosylation [50] , corresponding to the molecular mass deduced from the cDNA sequence. Glycoforms with between 1 and 9 mannose residues were apparent in the MS profiles of the intact protein, but were absent after TFMS deglycosylation. Toxoplasma gondii surface antigen I expressed in Pichia pastoris had a series of glycoforms of molecular masses of 29, 38/45, and 50/60 kDa that were all reduced to 29 kDa after TFMS treatment [22] . 
SEQUENCING AND IDENTIFICATION OF SITES OF GLYCOSYLATION
The sequence of a glycosylated protein can be difficult to determine because the protein is less susceptible to proteases that are used to produce peptides for sequencing, and the glycosylated amino acid is lost during processing of the phenylthiohydantoin obtained in the Edman degradation. In sequencing by MS the heterogeneity in the size of the glycosylated amino acid complicates the ions obtained during fragmentation. The removal of carbohydrate can help with both of these problems. Studies that have determined the sequence of a TFMS-treated protein indicate that the deglycosylation does not alter recovery of the individual amino acids. Comparison of the sequence with and without deglycosylation can provide the identity of the amino acids that are lost during sequencing of the native protein, and the linkage sites of oligosaccharides attached at asparagine residues are obtained as a single N-acetylglucosamine attached to an asparagine residue. This N-acetylglucosamine-asparagine derivative can be separated from other phenylthiohydantoin amino acids by HPLC and could be used to identify the sites of asparagine-linked chains in carcinoembryonic antigen (CEA) [6, 53] . Thus, by using the innermost N-acetylglucosamine as a reporter group, TFMS treatment can be useful in determining the sites of glycosylation on a glycoprotein. Chymotryptic peptide maps of the protein after deglycosylation by TFMS corresponded with predicted peptides from the cDNA [6] , and fast-atombombardment MS indicated that the peptides which contained glycosylation sites were larger than expected from the sequence by a single N-acetylglucosamine. A mass ion 203.1 a.m.u. higher than predicted for the peptide was obtained, and thereby confirmed the sites of glycosylation.
Investigations of mucins deglycosylated with TFMS have allowed the isolation of tandem repeats that are the sites of Oglycosylation which were not digested by proteases before deglycosylation. An 81-residue tandem repeat could be obtained from porcine submaxillary mucin by digestion with trypsin after TFMS treatment to remove sugars [45] , and a 20-residue tandem repeat was produced by clostripain digestion of deglycosylated MUC1 [31] . This repeat structure could not be obtained by proteolytic digestion of the intact mucin molecule which was protease resistant. By using mild conditions of TFMS treatment (1 h at 4
• C) for porcine submaxillary mucin [45] , it was possible to cleave all sugar linkages, while leaving the core N-acetylgalactosamine attached, and this N-acetylgalactosamine-serine or N-acetylgalactosamine-threonine linkage could be detected in Edman sequencing, allowing identification of glycosylation sites. A similar approach was taken with MUC1, except that TFMS treatment was carried out for 20 min without anisole. MALDI-TOF MS allowed the identification of glycosylation sites by the increment in mass due to the monosaccharide of 203.2 a.m.u. attributed to the peptides with single N-acetylgalactosamine residues attached at a serine or threonine residue [31] . This was confirmed by Edman sequencing which demonstrated the N-acetylgalactosamine-serine and N-acetylgalactosamine-threonine residues at sites of O-linked oligosaccharide attachment (Figure 1 ). In a method for complete deglycosylation of mucins the serine-or threonine-linked Nacetylgalactosamine was removed by periodate oxidation after TFMS treatment [34] . After deglycosylation of Geobacillus stearothermophilus Slayer glycoproteins, a single protein band of 93 kDa was produced from the initial four proteins of 93, 119, 147 and 170 kDa [24] . This band corresponded well to the calculated molecular mass of 93 684 Da from the amino acid sequence. Edman sequencing of peptides produced by papain treatment and then subjecting them to deglycosylation revealed that this protein had sites of sugar attachment at Thr 620 and Ser 794 . The TFMS deglycosylated peptides had serine and threonine residues at these positions, while the native peptides had blanks at the positions of glycosylation. The linkage in these glycoproteins was through galactose in a β configuration to the serine and threonine residues. This indicated for the first time the nature of the linkage of these bacterial glycoproteins, and demonstrates how chemical deglycosylation can be used to establish linkage sites in a glycoprotein.
Treatment of inter-α-trypsin inhibitor with TFMS allowed the sequence of the protein to be determined, and indicated that serine was present at residue 10 which had previously yielded no amino acid identity [54] . This amino acid was not found after hyaluronidase treatment [54] , because the serine is still glycosylated after enzymic treatment due to the incomplete removal of the glycosaminoglycans by enzymic treatment.
DEGLYCOSYLATION TO DISTINGUISH GLYCOSYLATION VARIANTS FROM PROTEIN DIFFERENCES
The complete removal of carbohydrate from proteins has been a powerful tool in the analysis of post-translational modifications of proteins, and particularly in determining whether changes observed in size are due to proteolytic processing, alternative splicing, addition of several types of carbohydrate chains or elongation of existing carbohydrate chains in secreted and cell surface proteins. A greater decrease in size after TFMS treatment as compared with N-glycanase-catalysed cleavage can indicate the occurrence of O-linked sugars. In this subtractive analysis TFMS removes both N-linked and O-linked sugar chains, whereas O-linked sugars are resistant to N-glycanase.
Several investigators have studied zona pellucida glycoproteins by using TFMS treatment to remove the carbohydrate chains [2, 51, 55] . The zona pellucida glycoprotein ZP3 was shown to be the egg receptor for sperm [2] , and the activity was specifically assigned to the O-linked glycans by the loss of sperm-binding activity after TFMS treatment [2] . The molecular masses of TFMS-treated ZP2 and ZP3 were 67 kDa and 37 kDa respectively after removal of the O-linked and N-linked oligosaccharides [51] . This was smaller than the sizes of 75 kDa and 44 kDa based on predicted sequences from the cDNA. This revealed that the processed forms of ZP2 and ZP3, which are made in the growing oocyte and secreted before forming a protective coat around the egg, are proteolytically processed, as well as being glycosylated, at asparagine and at serine/threonine residues. Thus with proteolysis and glycosylation required for production of the final protein, the post-translational modifications were complex, and TFMS deglycosylation was able to distinguish between the two types of modifications. Consensus sites for cleavage by furin were used in this protein during the transit of the proteins through the Golgi, and this was confirmed by C-terminal analysis of the final protein. Other studies with ovarian glycoproteins have shown that the α and β forms of oviductin contain the same protein core, as revealed by TFMS treatment, which had no effect on the α form and converted the β form to the same mass and pI as the α form [56] .
Deglycosylation with TFMS has been used for elucidation of the structure of cell surface receptors. In a study of the insulin receptor, the difference between the molecular mass after Nglycanase treatment and the mass after TFMS treatment suggested the occurrence of O-linked oligosaccharides on the β subunit [3] . Endo-β-galactosidase treatment indicated that the N-linked chain contained repeating poly(N-acetyl-lactosamine) units [57] . TFMS treatment reduced the apparent molecular mass of the angiotensin II receptor from 65 kDa to 40 kDa, which agreed with the calculated mass of the cloned receptor of 40 889 Da [48] .
The core proteins of proteoglycans had been difficult to identify prior to the use of chemical deglycosylation [8] . The major challenge has been to clarify the number and molecular mass of protein cores. A single proteoglycan gene can give rise to molecules that differ in the size and number of sugar chains attached, the size of the core protein and the mode of attachment to the membrane, which can be through a transmembrane sequence or a glycosylphosphatidylinositol anchor. Comparison to enzymic deglycosylation was used to demonstrate that the molecular mass of the core protein of glomerular basement membrane proteoglycan was 128 kDa [8] , and that the intact molecule, in addition to the heparan sulphate chains, had N-linked and O-linked oligosaccharides (Figure 2 ). This became apparent from the difference between the partially deglycosylated protein obtained by a combination of heparitinase and N-glycanase treatments and the completely deglycosylated protein obtained after TFMS treatment. van den Heuvel et al. [58] found two core proteins of 160 kDa and 110 kDa after TFMS deglycosylation of human tubular basement membrane proteoglycans of molecular mass 200-400 kDa, whereas bovine tubular basement membrane was found to have smaller core proteins after deglycosylation [35] . The proteoglycans of glomerular and tubular basement membranes are now thought to correspond to agrin [59, 60] and perlecan [59, 61] , proteoglycans that are found in basement membranes of a number of tissues, but, if so, some of the core proteins that have been identified must be proteolytically processed. TFMS treatment of the 150-300 kDa heparan sulphate (A) The scheme indicates all three types of carbohydrate chain attached to a core protein (blue-grey line). For the illustration, the heparan sulphate chain is depicted shorter than the actual glycosaminoglycan found on the glomerular basement membrane proteoglycan, which is approx. 60 sugars in length. The uronic acids are iduronic and glucuronic acids. The outer third of the polymer contains extensive sulphation, whereas the inner two thirds consists predominantly of GlcA-GlcNAc disaccharides [121] . The proteoglycan can be deglycosylated incompletely with heparitinase (HSase), yielding a proteoglycan with the linkage tetrasaccharide and N-linked and O-linked chains, or it can be treated with TFMS to deplete it of all sugars, except the single N-acetylglucosamine of the N-linked glycan bound to asparagine [8] . proteoglycan isolated from the extracellular matrix of rat liver revealed a core protein of 40 kDa [62] . This proteoglycan was present in the basement membrane of the perisinusoidal space of Disse, closely associated with the sinusoidal cells. This deglycosylation result indicates that the proteoglycan is distinct from the proteoglycan of the glomerular basement membrane, although the molecular mass of the intact molecule is similar.
Chondroitin sulphate proteoglycans secreted from B-cells had molecular masses of 90 kDa, 130 kDa and 150 kDa from three cell lines, but all could be reduced to a molecular mass of 21 kDa after TFMS treatment [37] . The chemical deglycosylation removed chondroitin and heparan sulphate chains, and this included the GlcA-Gal-Gal-Xyl linkage saccharide which was not removed by treatment with heparitinase. A corneal proteoglycan with keratan sulphate chains was shown to have a core protein of 35 kDa [9] . Lewis lung carcinoma expresses a proteoglycan with both heparan and chondroitin sulphate chains and a core protein of 40 kDa [36] . Binding of the lung cells to the matrix is mediated by the affinity of the heparan sulphate chains for fibronectin, and this affinity was shown to be localized in the heparan sulphate chains by a combination of chemical and enzymic deglycosylation.
ELUCIDATION OF PROCESSING AND TRANSPORT THROUGH INTRACELLULAR ORGANELLES BY THE USE OF DEGLYCOSYLATION
The combination of chemical and enzymic deglycosylation is useful for defining the types of substituents attached to a protein. Multiple types of carbohydrate chain are added to many glycoproteins, and a difference in the results of deglycosylation by TFMS, as compared with enzymes, can yield insights into the structure of the attached sugars. Thus, for example, the resistance of a glycoprotein to an equal extent of deglycosylation by Nglycanase and TFMS indicates that O-linked carbohydrate chains are present, and the acquisition of this resistance is observed as the protein is processed in subcellular organelles.
Deglycosylation with TFMS revealed that intestinal lactasephlorizin hydrolase was present in the intestine in several glycoforms that differed by the addition of O-linked glycans to the glycoprotein [63] . Treatment with N-glycanase yielded a 118 kDa and a 126 kDa protein from the 160 kDa mature protein, whereas TFMS treatment yielded only the 118 kDa protein, indicating that the 126 kDa protein contained O-linked sugars. This was confirmed by binding of the 126 kDa form to Helix pomatia lectin. The demonstration of the presence of O-linked sugars on the 126 kDa form of lactase-phlorizin hydrolase showed that the difference in mass of the two bands was due to glycosylation variants and not to a difference in the protein resulting from proteolytic processing or alternative splicing. The presence of the O-linked chains increased the activity of the enzyme by raising the V max without altering the K m for lactose, and the addition of both N-and O-glycosidically linked chains was thought to be governed by the position of the mucosal cell in the intestinal villus, implying that these modifications played a role in the regulation of the enzyme's activity.
Further studies of glycoproteins secreted into the intestine showed that an immature form of dipeptidyl peptidase IV (molecular mass = 100 kDa) was susceptible to endo H and was reduced to the same mass species (molecular mass = 85 kDa) by either endo H or TFMS (Figure 3 ) [64] , whereas the mature form of the enzyme with complex chains (molecular mass = 124 kDa) was resistant to endo H. This form of the enzyme was converted to the 85 kDa core protein by TFMS, but only to a molecular mass of 90-110 kDa by N-glycanase treatment [64] , indicating that the mature protein had been further glycosylated with O-linked chains. The N-linked chains are attached to proteins in the endoplasmic reticulum and the results showed that both the processing of the N-linked chains and the addition of the O-linked oligosaccharides of dipeptidyl peptidase occurred in the Golgi. The acquisition of resistance to complete deglycosylation by N-glycanase occurred simultaneously with the loss of susceptibility to endo H, confirming that the processing of N-linked oligosaccharide chains to complex forms, which accounts for resistance to endo H, was temporally linked to the addition of O-linked sugars (Figure 3) , which accounts for the resistance of the glycoprotein to complete deglycosylation by N-glycanase. Thus the comparison of the results of TFMS deglycosylation to those of N-glycanase treatment allows an assignment of the timing of addition of O-linked chains.
DEGLYCOSYLATION OF BACTERIAL AND PLANT GLYCOCONJUGATES
Owing to the lack of enzymes for characterization and removal of plant oligosaccharides and the complexity of linkage types and diversity of carbohydrates synthesized in plants, there has been a need for procedures to aid in the characterization of these glycoconjugates. TFMS deglycosylation has been particularly useful in the characterization of plant and bacterial glycoproteins.
In the trafficking of plant glycoproteins to the cell surface and to intracellular compartments, the use of TFMS for the removal of all carbohydrate chains has clarified the timing of proteolytic processing, as compared with the attachment of sugars in the secretory pathway [65] [66] [67] [68] [69] . Both arabinose-hydroxyproline-and galactose-serine-linked sugars were completely removed by TFMS in 3 h at 0
• C from potato (Solanum tuberosum) lectin, which is 50 % carbohydrate [18] . These types of linkages are common in plant glycoproteins, and chemical deglycosylation has been applied successfully to remove arabinogalactan-and galactose-rich carbohydrate chains in numerous laboratories [19] [20] [21] . TFMS has also been useful for the removal of N-linked chains of plants and bacteria that are resistant to N-glycanase [16, 70] .
The power of using this procedure to cleave glycosidic linkages without knowledge of structure has proved advantageous in studies of bacterial and fungal glycoproteins. TFMS treatment of glycoproteins from the S-layer of the ancient Archaebacteria and Gram-negative eubacteria has aided in the elucidation of the structure of their surface coats. The finding that carbohydrates were linked to proteins in bacteria was unexpected, as bacteria had not been thought to possess the enzymes for elaboration of glycoproteins, but a large variety of such molecules have now been characterized [24, 25] and the occurrence of glycoproteins in bacteria has been confirmed. TFMS treatment of S-layer glycoproteins from Clostridium thermohydrosulfuricum resulted in the identification of a core protein of 87.5 kDa and indicated that this was a glycosylated protein [23] . The sugars were attached through a glucose-tyrosine linkage. Proteins from the S-layer of C. thermosaccharolyticum [71] were in a heterogeneous range from 83 kDa to 210 kDa and were all reduced to a single band at 83 kDa. Bacterial glycoproteins from M. tuberculosis were deglycosylated to yield core proteins of 71 kDa, 60 kDa, and 45 kDa, which could stimulate proliferation of peripheral blood mononuclear cells from infected patients [72] and could be used for the generation of a vaccine that was protective in mice [73] . The deglycosylated 45/47 kDa antigen had decreased immunogenicity when tested for its ability to elicit an immune response in guinea pigs [50] . Treatment of cell wall extract with TFMS released a protein of 23 kDa that was not bound to peptidoglycan [74] . Gram-positive bacterial cell wall polymers from alkaliphilic Bacilli have been deglycosylated with TFMS to yield peptides that are involved in the structure of the wall [75] . A fungal glycoprotein, hydrophobin, has been deglycosylated with TFMS to yield a protein core of 10 854 Da [52] . The deglycosylated protein retained the ability of the parent molecule to form an amphipathic interface due to its high biosurface activity, but the deglycosylated protein showed lower tensile strength, indicating a role for the sugars in the formation of the membranes that contribute to the structure of fungal hyphae [52] .
Glycosidic bond cleavage by TFMS has been shown to be useful for the structural characterization of bacterial polysaccharides, because it yields characteristic fragments [76] . The glycosidic linkages are cleaved under anhydrous conditions, unlike amide bonds which are stable. Different glycosidic linkages vary in their susceptibility to solvolysis by TFMS, because of the effect of substituents at C-2 and of the occurrence of amido and acetyl groups. Thus the use of TFMS as a reagent can be extended to analysis of the polysaccharides themselves. Rather than simply removing all the carbohydrate chains from a protein to obtain the core peptide, the procedure can be used to obtain fragments or individual sugars (Figure 4) . By permitting the reaction to go to completion, some of the unusual monosaccharides of bacterial capsule polysaccharides could be obtained after the cleavage of all glycosidic linkages, allowing structural analysis of the components [77] . Complete fragmentation was more efficient with TFMS than with HF, which has also been used for deglycosylation, but was not as effective for the cleavage of these sugars, and under the correct conditions the more sensitive bonds could be cleaved, whereas the less sensitive bonds were retained [76] . The O-specific polysaccharide of Vibrio cholerae 09 was resistant to cleavage by HF, but upon TFMS treatment yielded characteristic fragments in good yields at the diamino sugar residues [78] . TFMS is preferable to HF because of the physicochemical properties of HF (boiling point = 19.6
• C) and because HF is corrosive and hazardous. The order of the stability of glycosidic linkages was 5,7-diamino-3,5,7,9-tetradeoxynonulosonic acids > 2,3-diamino-2,3-dideoxyuronic acids >uronic acids∼2-amino-2-dideoxyhexoses∼2,4-diamino-2,4,6-trideoxyhexoses > 2-amino-2,6-dideoxyhexoses > hexoses, and this was useful for the structural elucidation of these polymers.
CAN TFMS TREATMENT BE USED TO IDENTIFY THE MODIFICATION OF A PROTEIN?
An important question for the use of this procedure as a tool for characterization of newly discovered glycoproteins is whether the effect of TFMS on a glycoprotein is sufficiently specific that a change in molecular mass after treatment can be ascribed to removal of oligosaccharides. That is, if the molecular mass is decreased by TFMS treatment, can the difference in size be attributed to removed sugars or are other post-translational modifications altered by the chemical treatment? The accumulated evidence suggests that post-translational modifications other than glycosylation are stable to TFMS treatment.
This has been tested for the modification of proteins by both sulphate and phosphate. In a study of myelin-associated glycoprotein labelled with 32 P, the label was retained after TFMS treatment [79] and was present in phosphoserine, phosphothreonine and phosphotyrosine residues. This indicates that phosphate on amino acids is stable to the treatment and that the procedure can be used to distinguish between phosphorylation and glycosylation. Sulphated saccharides on α-amidating mono-oxygenase-1 were Figure 4 Partial cleavage of glycosidic bonds can be used to obtain characteristic fragments of polysaccharides that provide structural information A selective cleavage of polysaccharides from bacteria was observed using TFMS under the conditions indicated [76] . The polysaccharide from Pseudomonas sp. KMM 634 was not cleaved at ManN 3 NA, but was cleaved completely at the glycosidic linkages of GlcA and GlcN 3 NA and partially at the linkage of QuiN 4 N to yield the di-and tri-saccharides shown. The selective cleavage is used to produce these fragments from which the structure of the polysaccharide is obtained. Reproduced with permission of CSIRO Publishing. Originally published as Figure removed by TFMS, whereas sulphated tyrosine in the C-terminal region of α-amidating mono-oxygenase-4 was stable to treatment [80] . Sulphated prolactin was also stable to treatment, indicating that sulphate was present on tyrosine residues [81] . Thus deglycosylation with TFMS can be used to distinguish between sulphation or phosphorylation of the polypeptide (retained after treatment) and sulphation or phosphorylation of sugars (lost after treatment). The retention of phosphate and sulphate is also useful because the 32 P and 35 S labels can be used to follow a protein before and after TFMS deglycosylation [81] .
Haem groups are stable to TFMS treatment, and Ca 2 + also remains stably attached after deglycosylation. In a study of horseradish peroxidase, the choice of protocol for purification of the protein was shown to be important for retention of the haem groups, which were extracted by aqueous pyridine used for neutralization of the acid during the purification steps, but could be retained by using Tris base for neutralization [39] . Glycosylphosphatidylinositol anchors are removed, as expected, by cleavage at the glycosidic linkages in the oligosaccharide chain [82] [83] [84] . Fatty-acid acyl groups are stable to the treatment and can therefore be discriminated from glycosylation as an explanation for a change in size after translation. Cystine disulphides are unaffected by TFMS, because multimeric proteins remain intact after treatment [10, 44, 85] .
Glycoforms of many glycoproteins have been resolved and deconvoluted to a single protein by the conversion to a deglycosylated core protein after TFMS treatment [9, 17, 19, [48] [49] [50] [51] . The stability of the individual amino acids and of post-translational modifications makes the procedure amenable to the identification of glycosylation on a previously uncharacterized glycoprotein.
DETERMINATION OF THE REACTIVITY OF ANTIBODIES WITH PROTEIN OR CARBOHYDRATE EPITOPES AFTER DEGLYCOSYLATION
Deglycosylation of glycoproteins has been useful in solving the question of the relative contribution of carbohydrates to antigenic epitopes in glycoproteins. Antibodies against glycoproteins can react with carbohydrate epitopes, peptide epitopes or combined epitopes that reside in the protein, but are influenced by the glycan. If the procedure is to be used successfully for this purpose, peptide-specific antibodies should not have their binding diminished by deglycosylation of the antigen, and unaltered reactivity with antibodies has been reported for numerous glycoproteins after deglycosylation with TFMS.
Antibodies against CEA have been separated into those recognizing carbohydrate determinants and those recognizing the protein by this method. An antibody against the peptide of CEA, CP4, was unreactive with intact CEA prior to the removal of carbohydrate. When tested on human tissue, CP4 reacted only with CEA in colorectal tumours and did not react in immunohistochemistry with CEA in normal tissue or in stomach tumours, suggesting an alteration in the structure of the epitope in these tumours [86] . Antibodies against mucin proteins are also difficult to categorize, and progress has been made by deglycosylation of the mucins followed by antibody specificity studies [87] [88] [89] . This type of study has aided in the elucidation of multiple mucin genes that now account for the variants of the protein part of secreted and cell surface mucins [90, 91] . Human bronchial mucins were almost completely deglycosylated with TFMS in 3 h at room temperature, and removal of fucose, galactose and N-acetylglucosamine was complete, whereas the serine/threonine-linked N-acetylgalactosamine was 75 % removed [40] . The mucin, MUC1, in secretions from COLO 205 cells was not recognized by the antibodies HMFG2 or SM3 without prior deglycosylation with TFMS [92] . These antibodies are raised against the tandem repeats of the polymorphic epithelial mucin, and the repeats are inaccessible in the heavily glycosylated mucin from COLO 205 cells, but are accessible to the antibodies and are recognized without prior deglycosylation in MUC1 from mammary carcinomas. Antibodies against sialyl Le a recognize the carbohydrate of this mucin from COLO 205 cells. Another antibody against the protein, Ma552, reacted weakly with MUC1 from COLO 205 cells, but its binding was much increased after deglycosylation and it was shown to recognize a peptide determinant [93] . The efficacy of these antibodies in the treatment of colon or breast cancers has been shown to be influenced by the specificity of the antibodies for protein or carbohydrate [32, 94] . Antibodies specific for the protein core should be more effective in treatment [32, 91, 94] , as the MUC1 protein is less glycosylated in tumours and this permits an antibody of the correct specificity to discriminate between the mucin in tumours and in normal tissue.
Deglycosylation of mucins can also be an important tool in improving their immunogenicity if antibodies are not easily obtained against the intact mucin. Mucin glycans protect tumour mucins from the immune response and the weakly antigenic mucins often give rise to antibodies that recognize the carbohydrate. The antibodies will usually react with more than one mucin, as anti-carbohydrate antibodies tend to recognize the same determinant present on distinct core proteins. To overcome this issue, an antibody against tracheobronchial mucins was raised in rabbits by injection of TFMS-treated human mucin from patients with chronic bronchitis [95] . A deglycosylated mucin of 97 kDa was obtained from both the acidic and the neutral mucins and was enriched in serine, threonine and proline residues. The TFMS treatment removed all sialic acid, fucose, galactose and N-acetyglucosamine and all but traces of N-acetylgalactosamine. The antibodies against deglycosylated tracheobronchial mucins reacted strongly with the native mucins, as well as with mucins from human colon [95] . The antibody was used for screening of a cDNA library and resulted in the identification of a gene for MUC4 [96] . The antibody recognized the tandem repeats of MUC4 and could also be used to demonstrate the occurrence of MUC4 in pancreatic tumour cell lines [97, 98] . Two mucins in these cell lines were recognized by the DU-PAN-2 antibody against the carbohydrate determinants of the mucins, but only one of these reacted with the tracheobronchial mucin antibody against the MUC4 core protein. Another mucin core protein antibody against pancreatic apomucin was generated using TFMS-deglycosylated mucin [99] . Gastric mucins were deglycosylated with TFMS to yield a core protein that was used as an immunogen for the generation of monoclonal antibodies that recognized core proteins in the small intestine and biliary tract [100] . This antibody was used to screen a cDNA expression library to yield a clone that contained the MUC5AC tandem repeat. The antibody recognized gastric epithelial cells and parietal cells, but not glandular cells, which is consistent with the distribution of MUC5AC.
Antibodies raised against zona pellucida glycoproteins after deglycosylation recognized the native zona pellucida glycoproteins and blocked binding of sperm [101] . The antibodies against porcine zona pellucida inhibited fertility in primates [101] , and the deglycosylated proteins could be used to induce infertility actively by injection in rabbits [102] .
The study of glycoprotein antigens after deglycosylation has also indicated the importance of some carbohydrate determinants in autoimmune diseases [11, [103] [104] [105] [106] , and has revealed that carbohydrate determinants can be important in antigens used for diagnostic tests for circulating antibodies in autoimmune [107] and infectious diseases [22] . T-cell recognition of collagen in rheumatoid arthritis is dependent on carbohydrate epitopes, and removal of the hydroxylysine-linked sugars with TFMS indicated that the carbohydrate was necessary for reactivity of the T-cell clones [11, 106] . Removal of keratan sulphate chains with TFMS increased reactivity of T-cells with aggrecan in mice [103] and in rheumatoid arthritis patients [104, 105] . An antibody against the core protein of aggrecan was shown to be a useful marker for inflammatory disease, as synovial fluid from patients with degenerative joint diseases had increased proteoglycan fragments that could be detected with this antibody [107] . Tests of serum for antibodies against T. gondii used for diagnosis of toxoplasmosis can be performed using surface antigen I expressed by P. pastoris. Although the toxoplasma antigen lacks O-linked sugars, the recombinant molecule made for the test in yeast was glycosylated on hydroxyamino acids and the yeast oligosaccharides were recognized by some patient sera, complicating the diagnostic test. Deglycosylation of the antigen allowed the detection of cross-reactivity of the patient serum with the toxoplasma protein [22] .
Many allergens from insects and plants comprise glycoproteins that can stimulate the production of IgE. A molecular understanding of the allergenic epitopes is important for establishing the pathogenesis of the allergies. Allergens from a number of species contain fucose-linked α-1,3 and xylose-linked α-1,2 to N-acetylglucosamine that are unique to non-mammalian species, and are thought to be antigens for a common immune response to plant pollens, vegetable food and insect allergens. This was indicated for Japanese cedar (Cryptomeria japonica) [108] , flour glycoproteins [109] , the allergenic epitope from timothy grass (Phleum pratense) pollen [70] and olive tree (Olea europaea) pollen allergen [110] , and is thought to be a key epitope from bee venom [16] . However, deglycosylation of bee venom with TFMS [16] indicated that the protein was more important for this response and that the deglycosylated antigen was capable of eliciting a full IgE response. In studies of plant allergens the reactivity between patient immune serum and protein or carbohydrate components of plant glycoproteins has been important for an understanding of the immune response. The timothy grass pollen antigen could be deglycosylated by TFMS, but not by N-glycanase, and yielded a 33 kDa protein that was tested for reactivity with antiserum from patients. Most sera bound to the protein core, rather than the oligosaccharides [70] which had previously been thought to be the antigenic determinant. In attempts to prepare specific antibodies against glycoproteins from plants, the immunogenicity of the carbohydrate structures that are foreign to mammals can give rise to anti-carbohydrate antibodies and these may not be useful, as they can react with multiple plant glycoproteins. By removing carbohydrates prior to immunization, a specific antibody against the protein core of β-1,3-glucanase was obtained and was useful in studies of enzyme function in vivo [111] .
STRUCTURE-FUNCTION RELATIONSHIPS IN GLYCOPROTEINS
The effect of carbohydrate removal on the biological function of enzymes, hormones, lectins and enzyme inhibitors has been studied by several groups. In a detailed study of the deglycosylation of horseradish peroxidase, enzymic treatments with N-glycanase, endo F and endo H were unsuccessful in deglycosylating the enzyme [39] . The eight N-linked chains of the enzyme were effectively removed after TFMS treatment, yielding an enzyme of the correct deglycosylated molecular mass, and the enzyme was fully active after deglycosylation and purification. This result was in agreement with a study in which the protein produced in Escherichia coli without glycosylation was found to have about 50 % of the full activity of the intact enzyme [112] . The preferred scavenger for the deglycosylation reaction was toluene and the optimal conditions for obtaining the active enzyme were − 10
• C for 5 min. Neutralization of the reaction was performed with Tris to avoid extraction of the haem group with pyridine. The occurrence of increased negative charge in the protein when longer reaction times were used was reported, but the source of the charge was not found and the deglycosylated protein that was purified and used for the enzyme assays did not contain the low pI material.
The glycoprotein hormones are not dependent on carbohydrates for receptor binding or immune reactivity, but the ability to stimulate a full response via the receptor is lost after deglycosylation [113, 114] . Full receptor-binding activity has been demonstrated with several of the hormones using TFMS or HF for deglycosylation or using enzymes for removal of Nlinked oligosaccharide chains [115] . In each case decreased signal transduction has been observed with the deglycosylated hormone. This is apparent in assays in vitro of cAMP production and steroidogenesis with the intact as compared with the deglycosylated hormones. These deglycosylated proteins are lutropin antagonists that bind receptor without giving rise to biological activity and can therefore inhibit the activity of lutropin [113] .
Chicken ovomucoid, a trypsin inhibitor, was fully active after removal of sugars, but had increased susceptibility to proteolytic degradation and heat denaturation [116] . The deglycosylated inhibitor had unchanged activity in inhibiting trypsin and was recognized by antibodies against the native molecule. The sugars of ovomucoid allow formation of a stable 1:1 complex with trypsin and thus are a critical part of the molecule for enzyme inhibition. The glycoprotein without carbohydrate was degraded by excess trypsin [116] unlike the native molecule, indicating that glycosylation of this inhibitor is imperative for protecting the protein inhibitor from its target protease. Dabich et al. [117] found that turkey ovomucoid was rendered less effective as a trypsin inhibitor, an activity dependent on the second domain of the molecule, but had increased activity towards chymotrypsin, an activity that resides in the third domain, but may be constrained by glycosylation of the second domain. The cysteine protease inhibitor thiostatin depended on glycosylation for its inhibitory activity [118] , but retained its reactivity with antibodies to the native protein.
The interaction of mesangial cells with fibronectin is inhibited by the major heparan sulphate proteoglycan of the glomerular basement membrane [61] . This proteoglycan, perlecan, reduced the avidity of the α5β1 integrin for fibronectin in mesangial cell focal adhesions. Complete removal of the carbohydrate from perlecan did not decrease inhibition and the authors concluded that the core protein, and not the heparan sulphate chains, was required to inhibit a high-affinity interaction of fibronectin with its integrin receptor [61] . However, Lewis lung carcinoma cells contained a proteoglycan that interacted with fibronectin and depended upon the heparan sulphate chains for the high-affinity interaction, as shown by deglycosylation of the proteoglycan with TFMS and with glycosaminoglycan-degrading enzymes [36] . The proteoglycan was inserted into the membrane of the cells and the affinity of its heparan sulphate chains for fibronectin accounted for binding of the cells to the extracellular matrix.
Cobra venom factor retained full biological activity upon complete removal of carbohydrate by TFMS [119] . The peptide of potato lectin was recovered intact after deglycosylation with TFMS and was used to determine the function of the carbohydrate in the lectin's activity. The peptide retained full lectin activity (binding to chitobiose) and haemagglutinating activity [18] . The molecular mass of the deglycosylated lectin measured by MALDI-TOF MS was 31 253 Da (native lectin = 65 492 Da) [120] . The potato lectin shows similarity to the snake venom disintegrins, indicating that these proteins do not need carbohydrate to recognize their ligands or to carry out their functions.
SUMMARY
Deglycosylation of glycoproteins with TFMS is a powerful technique that can be used to determine the size of the protein portion of a glycoprotein and to reduce all glycosylation variants to a single parent molecule. The protein size correlates with the predicted size of known genes, and thus deglycosylation with TFMS has made it possible to correlate numerous glycoforms of a glycoprotein to a common protein core. Sequencing of proteins after chemical deglycosylation has been performed in numerous studies in which analysis of N-acetylglucosamine-asparagine for N-linked oligosaccharides and N-acetylgalactosamine-serine/ threonine for O-linked oligosaccharides has made possible the identification of glycosylation sites. A scavenger should be included in the reaction to avoid alterations in individual amino acids. A decrease in molecular mass by TFMS treatment provides a specific means of demonstrating the occurrence of glycans, because other protein modifications are not affected. The method has allowed the elucidation of glycoforms in the processing of newly synthesized glycoproteins. The deglycosylation of glycoproteins in functional studies has provided valuable information on the role of sugars in the biological activity of hormones, lectins, enzymes, protease inhibitors and extracellular matrix components. These studies must be interpreted with caution, but retention of activity after deglycosylation has indicated that the biological and immunochemical activity of numerous glycoproteins resides in the protein part of the molecule. The removal of carbohydrate from glycoproteins by TFMS has permitted these advances in glycobiology by providing a means of dissecting glycan from protein, without degradation of the protein.
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